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57 ABSTRACT

An automated indentation system based on finite element
solutions or performing a non-destructive compression test
by loading a compressive indentation load (P) and calculat-
ing a elastic modulus (E) and a yield strength (0,), and a
hardening exponent (n) from measured indentation depth
(h,) and indentation load (P), and unloading slope (S). The
system comprises a stepmotor control system (1), a mea-
surement instrumentation (2) having a load cell (15), laser
displacement sensor (17) for measuring the indentation
depth and ball indenter (18), a data acquisition system (3)
having an signal amplifier for amplifying and filtering
signals from the load cell (15) and laser displacement sensor
(17), and a control box (4) pre-stored computer program-
ming algorisms for adjusting and controlling the moving
speed and direction of stepmotor (12). The control box (4)
enables storing and retrieving the signals of measured data
and material properties, and plotting the graphs of load-
depth curve and stress-strain curves based on the signal data.
The procedure of computer programming algorithm is as
follows: First, the Young’s modulus E is computed from Eq.
(29) by using slope S and initially guessed values of n and
€,- Then, ¢?, €, and o are calculated as many as the number
of load and depth data. From these, the values of n, K, o, and
€, are calculated from stress-strain relation. And then
updated E, d, ¢?, €, 0, 0, K, 0, and ¢, are repeatedly
calculated until the updated €, and n are converged within
the tolerance.

16 Claims, 14 Drawing Sheets
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BALL INDENTER UTILIZING FEA
SOLUTIONS FOR PROPERTY EVALUATION

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates to a ball indentation tester
and testing technique being used to measure the material
properties when tensile test cannot be applied; welding parts
with continuous property variation, brittle materials with
unstable crack growth during preparation and test of
specimen, and the parts in present structural use. More
particularly, indentation test is non-destructive and easily
applicable to obtain material properties. A new numerical
indentation technique is invented by examining the finite
element solutions based on the incremental plasticity theory
with large geometry change. The load-depth curve from
indentation test successfully converts to a stress-strain
curve.

2. Background of the Related Art

While indentation test is non-destructive and easily appli-
cable to obtain material properties, the test result is difficult
to analyze because of complicated triaxial stress state under
ball indenter. For this reason, the indentation test is inap-
propriate to measure various material properties. Thus, it is
used to obtain merely hardness. Recently, however, this kind
of difficulty is greatly overcome both by finite element
analyses of subindenter stress and deformation fields, and by
continuous measurement of load and depth. As a result,
stress-strain relation can be obtained from analysis of load-
depth curve.

An automated indentation test gives a stress-strain curve
from measured load-depth data. FIG. 1 shows a schematic
profile of indentation. Here h, and d, are ideal indentation
depth and projected diameter at loaded state, and h,, and d,,
are plastic indentation depth and projected diameter at
unloaded state. With an indenter of diameter D, the follow-
ing relation is delivered from spherical geometric configu-
ration.

dFT/W (1)

Assuming that “projected” indentation diameter at loaded
and unloaded states remains the same as shown in FIG. 2,
Hertz expressed d (=d,=d,, under this assumption) as follows.

@

where r; and r, are indentation radius of indenter and
specimen at unloaded state, and E, and E, are Young’s
modulus of indenter and specimen, respectively. If the
indenter is rigid, r;=D/2 and r, is a function of d and h,,.

Substituting these into Eq. (3) gives:
1/3

0.5CDYE +(d/2)%) &)

| B+ (d/2? - h,D

where C is 5.47P (E,”"+E,™).

Tabor brought the experimental conclusion that equiva-
lent (plastic) strain “at the (Brinell and Micro Vickers)
indenter contact edge” is given by:
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o=0(2) @

where d is calculated from Eq. (2). But, Haggag et al.
ignored pile-up and sink-in of material. They simply calcu-
lated the indentation diameter d with Eq. (1) at loaded state
and plastic diameter d,, with Eq. (3) at unloaded state, and
plastic strain with Eq. (4) by substituting d,, for d.

Mean contact pressure p,, is defined by p,,=4P(m/d?),
where P is the compressive indentation load. Then constraint
factor ¢y, which is a function of equivalent plastic strain, is
defined as the ratio between mean contact pressure and
equivalent stress.

Y(ep)=p,./o ®
Hence, the equivalent stress is expressed in the form:

_4r
7= nd2y

©

Note that, in a strict sense, both equivalent plastic strain
and equivalent stress are functions of location within the
subindenter deformed region as well as deformation inten-
sity itself. Thus constraint factor 1 is also a function of
location. Francis classified the indentation states into three
regions and presented the empirical formula for 1 with
indentation test results for the various materials taken into
consideration.

(1) Elastic region with recoverable deformation
(2) Transient region with elastic-plastic deformation
(3) Fully plastic region with dominant plastic deformation

Haggag et al. calculated stress-using d,, instead of d in Eq.
(6), and they modified Francis’ constraint factor considering
that constraint factor is a function of strain rate and strain
hardening.

1.12

¢ =< 1 (7a)
Y=< 1L12+7lng 1=<¢=<27
Ymax $=27
Vpe=2.870,, (7b)
T=({,,0—1.12)/In 27 (7e)

where o, is constraint factor index. It is proportional to
strain rate, and has the value of 1 for the material with low
strain rate. By investigating the experimental results, Francis
suggested a normalized variable ¢ in the form:
E ®
0.430

¢ =

Since equivalent strain in Eq. (4) is the value at the
indenter contact edge, all the values in Egs. (5)—~(8) implic-
itly mean values also at the indenter contact edge.

For spherical indenter, the following relation called Mey-
er’s law holds between applied load P and indentation
projected diameter d.

Pkd™ ©

where k and m are material constants when indenter diam-
eter D is fixed, and m is Meyer’s index generally in the range
of 2 to 2.5.
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Meyer’s experiment reveled that index m is independent

of diameter D, and k decreases with increasing D.
A=k,D,"-2=k,D,"k,D;" = . .. (10)

where A is a constant. Substituting this into Eq. (9) gives:

an

Equation (6) converts to Eq. (12) by Eq. (11).
4A(d "2
7= (5]

After replacing d with d, in Eq. (11), Haggag et al.
calculated yield strength o, from the following relation of
yield strength and slope A that George et al. obtained from
experiment.

12

Go=PnA 13

where f3,, is a material constant. The value of f,, in steel is
about 0.229, which comes from analysis of tensile yield
strength and A.

Rice and Rosengren proposed a stress-strain relation in
piecewise power law form.

z (14)

for o= 0o,

& To

. T\

@ (—) for o >0, 1l <n<
0—0

where 0 is yield strength, €,=0,/E yield strain and n strain
hardening exponent. Total strain €, is decomposed into
elastic and plastic strains (e,=€_+€,).

FIG. 3 shows the calculation process of the material
properties by Haggag’s indentation method. In the approach
of Haggag et al., each repetition of loading and unloading
provides one point of stress-strain data points. Thus a single
indentation test usually picks up total only 6—7 data point.
The approach also requires prior material constants from
extra tensile tests.

The Haggag’s model for the SSM system adopts the
indentation theories of Francis and Tabor established on the
experimental observations and some analyses. Haggag’s
approach requires prior material constants from extra tensile
tests, which is one of the shortcomings.

The SSM system gives stress-strain curves through
regression of load-depth data obtained from 6-7 times
repetitive loading and unloading. This insufficient number of
data often leads to inaccurate regression. Above all, the most
critical issue in Haggag’s approach is that subindenter stress
field from deformation theory is far from the real one.

SUMMARY OF THE INVENTION

In order to overcome the disadvantages as described
above, the present invention provides an automated inden-
tation system for performing a compression test by loading
a compressive indentation load (P). Then, an elastic modulus
(E), a yield strength (0,), and a hardening exponent (n) are
calculated based on measured indentation depth (h,) and
indentation load (P), and unloading slope (S).

The automated indentation system of the present inven-
tion comprises a stepmotor control system (1), measurement
instrumentation (2) data acquisition system (3) and control
box (4).
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4

The stepmotor (12) is adopted for precisely controlling a
traveling distance and minimizing vibration of motor.

The measurement instrumentation (2) consists of a load
cell (15), a laser displacement sensor (17) for measuring the
indentation depth, and a ball indenter (18).

The data acquisition system (3) includes a signal amplifier
for amplifying and filtering signals received from the load
cell (15) and laser displacement sensor (17).

The control box (4) is pre-stored computer programming
algorisms for adjusting and controlling moving speed and
direction of the stepmotor (12). It also enables to perform
calculations and plot the graphs of load-depth curve or
strain-stress curves according to the amplified signal data,
and store and retrieve the measured signal data, material
properties and produced data.

The stepmotor control system (1) comprises a cylindrical
linear actuator having a ball screw (14) and backlash nut
(16) for suppressing backlash, a flexible coupling (13) being
connected to the ball screw (14) and stepmotor (12) for
constraining the rotation and high repeatability. The step-
motor control system (1) also enables to control
acceleration/deceleration of the stepmotor (12) and regulat-
ing velocity with repeatability of 3~5%.

The load cell (15) is specified based on the performance
of finite element simulation of indentation test. The inden-
tation load (P) is dependent on the ball size and material
properties, and maximum indentation load is under 100 kgf
for 1 mm indenter.

The laser displacement sensor for measuring indentation
depth is connected parallel to a linear actuator, and mea-
surement range of laser displacement sensor (17) is 4 mm
and resolution is 0.5 um.

The ball indenter (18) is an integrated spherical indenter
being made of tungsten carbide (WC) for precisely measur-
ing an indented depth, and a diameter of indenter tip is 1
mm.

Generally, the measured indentation depth (h,,,,) contains
an additional displacement due to system compliance (h, ).
Therefore, in order to obtain an accurate indentation depth,
the practical indentation depth is compensated by a displace-
ment relationship between the measured indentation depth
(h,,,,) and an actual indentation depth (hg,,) obtained from
FEA.

A computer programming algorism is provided for per-
forming an automated indentation test by loading a com-
pressive indentation load (P), calculating an elastic modulus
(E) and a yield strength (0,), and a hardening exponent (n)
from measured indentation depth (h,) and indentation load
(P), and unloading slope (S), then plotting a stress-strain
curve of the indented material.

The process of computer programming algorism com-
prises the steps of: inputting data of measured indentation
depth (h,), load (P) and unloading slope (S) from pre-stored
data, computing a Young’s modulus (E) from unload slope
and initially guessed values of n and €,, computing inden-
tation diameters (d) from c* equation as many as the number
of load and depth data, computing equivalent plastic strains
(€,) and equivalent stresses (o) according to the calculated
indentation diameters (d), computing values of strain hard-
ening exponent (n) and K from stress-strain relation, com-
puting a yield stress (0,) and strain (g,), computing updated
E,d, %, €,, 0, 1, K, 0, and €, until the updated €, and n are
converged within the tolerance, and outputting material
properties (E, 0g, n) and plotting the stress-strain curve.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 illustrates a schematic profile of typical indenta-
tion.
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FIG. 2 is a projected indentation diameter at loaded and
unloaded states.

FIG. 3 is a calculation process of the material properties.

FIG. 4 is a finite element (FE) model for a ball indentation
test.

FIG. § is the distribution of equivalent plastic strain €,
along radial direction r for strain hardening exponent n=10,
friction coefficient f=0.0, 0.1 and 0.2, d/D=0.5 at specific
depth 1/D.

FIG. 6 illustrates a plastic strain curves at the new data
acquisition point for various strain hardening exponents with
the projected contact diameter.

FIG. 7 is a regression curves of ¢* against an indentation
depth for various values of n with f=0.1.

FIG. 8 is a FE solution and corresponding regression
curves of equivalent plastic strain €, against the projected
contact diameter for various values of n at 1/D=1% and
2r/d=0.4 for £=0.1.

FIG. 9 is a graph for the constraint factor 1 against
projected contact diameter curve for various values of n.

FIG. 10 is the generated curves with a constraint factor |
against the projected contact diameter as solid lines

FIG. 11 is a distribution of equivalent plastic strain along
the radial direction for three values of yield strength at
d/D=0.5 with Young’s modulus and fixed strain hardening
exponent.

FIG. 12 is the relationships between ¢* and h/D for
various value of yield strain.

FIG. 13 is the effect of yield strain on €, vs. d/D curves.

FIGS. 14(a) and 14(b) are the effect of yield strain on
constraint factor y vs. d/D curves, for the transition and fully
plastic region, respectively.

FIG. 15(a) is the load-depth curves obtained by FEA for
a variety of material hardening exponent n with given
Young’s modulus and yield strain.

FIG. 15()) is corresponding unloading slopes, S, abscissa
r=P/P,, ... measuring the portion of unloading curve used for
linear regression.

FIG. 16(a) is the variation of k; with respect to n for
various values of E.

FIG. 16(b) is the extrapolation of k,; with respect to n for
various values of E.

FIG. 17(a) is the FEA relationships between E and S/d for
various values of n, when indentation depth is given as
h,/D=0.06.

FIG. 17(b) illustrates linear variation of b with 1/n, when
a is fixed as 6200.

FIG. 18 is presently invented computing process of the
material properties.

FIGS. 19 and 20 are the strain-stress curves via computing
process of the present invention

FIG. 21 is an automated indentation system with a step-
motor control system, measurement instrumentation, data
acquisition system and control box of the present invention.

FIG. 22 is a front view of automated indentation system
of an embodiment of the present invention.

FIG. 23 illustrates integrated ball indenters

FIG. 24 illustrates a controlling box and a display of
measured load-depth curve

FIG. 25 illustrates the experimentally measured P-h
curves after correcting h,, ;.

DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENT

The objectives and advantages of the present invention
will be more clearly understood through the following
detailed descriptions accompanying with the drawings.
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6

As shown in FIG. 4, a finite element (FE) model is
provided for a ball indentation test. The FE analysis of large
deformation is performed by using isotropic elasto-plastic
material, which follows the J, flow theory. Considering both
loading and geometric symmetry, the four nodes of axisym-
metric elements CAX4 (ABAQUS, 2002) are applied. The
preliminary analyses are revealed that the eight nodes CAXS8
element has a trouble of discontinuous equivalent plastic
strain at its mid-node. The lower degree of CAX4 shape
function is supplemented by placing fine elements with size
0.25% of indenter diameter at the material contact surface.
MPC (Multi-Point Constraints) is conveniently used at the
transition region where element size changes. But con-
strained mid-nodes of MPC tend to give discrete stress and
strain values. Thus, the trapezoidal elements are adopted in
the transition region near contact surface, and use MPC in
the transition region far from the contact surface. The FE
model of specimen and indenter consist of about 2300 and
630 elements, respectively. The contact surfaces are also
placed at both material and indenter surfaces. Axisymmetric
boundary conditions are imposed on the nodes on axisym-
metric axis. The indenter moves down to penetrate the
material with the bottom fixed. The diameter of indenter is
1 mm, Young’s modulus 650 GPa.

Indentation theories of Matthews and Hill et al. are based
on the deformation theory of plasticity. Although the inden-
tation theory is easier to develop with deformation than with
incremental plasticity theory, the two theories produce quite
different subindenter deformations. For example, the maxi-
mum stress occurs at the bottom part of indentation center
for deformation theory, while it occurs at the surface part 0.4
d away from indentation center for incremental theory. Here
d is the projected contact diameter, which takes the effect of
pile-up and sink-in into consideration.

FIG. 5 shows distribution of equivalent plastic strain €,
along radial direction r for strain hardening exponent n=10,
friction coefficient £=0.0, 0.1 and 0.2, d/D =0.5 at specific
depth I/D. Here r is the projected distance from indentation
center, 1 is the distance from material surface to observation
depth, and d/D is the ratio of projected contact diameter to
indenter diameter. Equivalent plastic strain oscillates at
surface due to contact problem. Oscillation and the effect of
friction coefficient decreases as observing position moves
downward from the surface. Thus, a new probing depth is
proposed to be beneath 1% of indenter diameter from the
surface (1/D=0.01). This depth is still near the surface, yet
with negligible contact problem.

Distribution of equivalent strain is affected by friction
coefficient as shown in FIG. 5. The value of friction coef-
ficient between metals is commonly 0.1 to 0.2, but difficult
to measure exactly. This is because it depends on the
environmental factors such as temperature and humidity.
Tabor suggested the acquisition point of equivalent plastic
strain as r/(d/2)=1; i.e. contact edge.

However it is difficult to extract accurate stress-strain
relationship from the suggested point because of sharp strain
gradient and tangible effect of friction coefficient. Hence, a
selection is made for the data acquisition point at 0.4 d apart
from indentation center. This new point features i) negligible
effect of friction coefficient, ii) quite gentle strain gradient
and iii) extended strain range by a factor of five. The ground
of this arbitrary selection is that the equivalent stress and
strain at any point should be on uniaxial stress-strain curve,
even though the equivalent stress and strain of material vary
point to point, and also with indentation depth. Deformation
and incremental plasticity theories provide thoroughly dif-
ferent stress and strain values at this new point. Conse-
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quently a new set of indentation governing equations should
be developed using flow theory.

FIG. 6 shows the plastic strain curves at the new data
acquisition point for various strain hardening exponents with
the projected contact diameter. Here friction coefficient f is
0.1, yield strength o, 400 MPa, Young’s modulus E 200
GPa. The plastic strain curve starts only slightly off the
origin, which indicates that plastic deformation takes place
even at shallow indentation. The plastic strain increases with
strain hardening exponent, since material with larger n value
deforms more easily. The data acquisition point in the prior
indentation theory was the contact edge where maximum
plastic strain can reach 0.2 under full indentation of hemi-
spheric ball. But as full indentation is impractical, the
maximum strain actually achieved is rather smaller than this
maximum. Compared with the prior theory, the present
approach provides the strain value five times greater at the
same indentation depth; for example, exceeding 0.5 at
d/D=0.5.

A new indentation theory is presented on the basis of FE
solutions from the new optimal data acquisition point,
2r/d=0.4 and 1/D=1%, where the frictional effect is ignored
and obtained maximum strain for a given indentation depth.
The actual projected contact diameter with pile-up and
sink-in in consideration is calculated from the geometric
shape of a sphere.

d=2VhD-12=0V 2, D—(c2h,)? (15)
Here h is actual indentation depth due to pile-up and sink-in,

h, is nominal depth measured from the reference surface
(=original material surface), and ¢® is defined as:

(16)

Yo
= >

From FIG. 6, equivalent plastic strain can be approximated
in the functional form below when the values of yield
strength and Young’s modulus are fixed.
d ]ff(n) an

‘9% = fog(”)(B

As mentioned above, Haggag’s indentation theory neces-
sitates prior material constants, for finding yield strength,
from extra tensile tests. This complicates evaluation of
material properties by using indentation test. An attempt is
made to eliminate the extra process thru interrelationship of
material properties. Piecewise power law relation (14) for
plastic deformation becomes:

& \1l/n
o':o'o(—’) =Kl
80

18)

where K is obtained by the regression of stress-strain data.
As Eq. (18) is also valid for o=0,,

0=Ke""

19

Elastic stress-strain relation at the moment of yielding is Eq.
(20).

op=Fe, (20)
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8
Substituting (20) into Eq. (19) produces

- - @D
SCN

Consequently, the n and K are calculated from the regression
of the stress-strain relation of Eq. (18) if the stress corre-
sponding to strain is accurately predicted, and o, is obtained
from Eq. (21).

First, the FE analyses are performed for various values of
strain hardening exponent with yield strain fixed to verify
above formulae. It is difficult to measure the actual projected
indentation diameter d. Thus, an approach is chosen for
calculating d from Eq. (15) with ¢* obtained from regression
of FE solutions.

FIG. 7 illustrates regression curves of ¢* against inden-
tation depth for various values of n with f=0.1. Herein, ¢ is
calculated from the ratio of actual indentation depth to
nominal indentation depth by its definition in Eq. (16). FIG.
7 reveals ¢* is a function of indentation depth unlike the
outcome of Matthews and Hill et al. in which ¢® was a
constant for a given value of n. At the outset of indentation,
c” starts from the theoretical value 0.5 since elastic defor-
mation is initially dominant. Then c* increases with inden-
tation depth as plastic deformation becomes dominant. As
pile-up occurs more easily with higher value of n, ¢*
increases with n for a given indentation depth, which is
consistent with the results of Matthews, Hill and Norbury
and Samuel. Note that even in sufficiently indented fully
plastic state, ¢* keeps slightly increasing, instead of saturat-
ing to a constant value, with indentation depth. Overall the
prior indentation theories should be revised such that ¢* is a
function of indentation depth as well as strain hardening
exponent n. The FE solutions of ¢ in FIG. 7 can be
expressed with the following equation.

P=fo ) (In(100,/D) (22)

Fofmy=agn™y ap=(1.09, -1.21, 1.13)
fiém)=a nY; a, £=(0.104, —0.323, 0.405)

where a is a coefficient of polynomial function.

FIG. 8 shows the FE solutions and corresponding regres-
sion curves of equivalent plastic strain against the projected
contact diameter for various values of n at 1/D=1% and
2r/d=0.4 for f=0.1. Equation (23) is the regression formula
of €, expressed as a function of d and n. The curve from Eq.
(23) for n=8.5 is also compared with the FE solution in FIG.
8. The good agreement indicates that Eq. (23) successfully
characterizes €, as a function of d and n.

]ff(n) (23)

&p = fog(”)(%

fEn) = aiin’i; as; = (1.82, -5.82, 6.92)

0

fEm =aSin™ af; = (1.45, —0.641, —0.233)

FIG. 9 is the constraint factor { against projected contact
diameter curve for various values of n. At the outset of
indentation, { increases nonlinearly with d/D. Then, as
plastic deformation becomes dominant after substantial
indentation, it shows a linear relation with d/D (FIG. 10).
Furthermore 1) increases with n, which is consistent with the
results of Matthews and Tirupataiah. But more importantly,
even in sufficiently indented fully plastic state, 1 keeps
slightly decreasing, instead of saturating to a constant value,
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with indentation depth. In the range of d/D=0/15, 1 can be
given by the following linear expression.

w=f!<n)+mn)(%], d/D=0.15) 24
L n) = din; af = (3.06, —4.4, 4.19)
= din i al = (-0227,0317, 1.25)

The generated curves with the above expression are
presented in FIG. 10 as solid lines. Equivalent stress (at the
new data acquisition point) can be obtained by substituting
1y of Eq. (24) into Eq. (6).

FIG. 11 shows the distribution of equivalent plastic strain
along the radial direction for three values of yield strength
(0,=200, 400, 800 MPa) at d/D=0.5 with Young’s modulus
(E=200 GPa) and strain hardening exponent (n=10) fixed. In
such cases, the value of ¢, is observed to decrease with
increasing yield strength for a given indentation depth. To
clarify this kind of tendency, Young’s modulus is addition-
ally varied below.

FIG. 12 shows the relationships between the ¢ and h,/D
for various value of yield strain. It is noteworthy that
identical yield strain produces the same curve regardless of
absolute values of o, and E; that is only the ratio o,/E=¢,
matters. The ¢ curve moves downward with increasing
yield strain since the higher yield strain prolongs the initial
dominance of elastic deformation. Yield strain determines
the position of curve but barely affect the form of curve after
transition region. For given n=10, each curves are almost
parallel in fully plastic region.

Hence, it may be selected €, and n as two separate
variables for governing the deformation characteristics of
indentation in transition and fully plastic region, respec-
tively. With separation of variable approach, ¢ of Eq. (22)
becomes an integrated function of €, go and n as given in Eq.
(25). The solid lines in FIG. 12 generated with the regression
(25) agree well with the FE solutions represented by sym-
bols.

P=E (i (€0)+1 (M5 (e0)In(1004, /D) @5)

fofm=ann; ag=(1.09, -1.21, 1.13)
fifm)=an; a,f=(0.104, -0.323, 0.405)
rm=ayes’s ay£=(1.19, -117, 11500)
S m)=as%,"; a5, =(0.508, 345, —49500)

FIG. 13 shows the effect of yield strain on €, vs. d/D
curves. Equivalent plastic strain also decreases with higher
yield strain for given d/D, since the higher yield strain
prolongs the initial dominance of elastic deformation and
delays plastic deformation. Equation (26) is an integrated
regression formula extending Eq. (23) to various values of
yield strain.

d \FISE) (26)
5y = fE 5| 5

) = aSn7' af; = (1.82, —5.82, 6.92)
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-continued
fEm =aSin™ af; = (1.45, —0.641, —0.233)

fE(n) = a58; a5 = (1.05, —19.2, —3850)

f£n) = a5;e; af; = (0.895, 66.7, =7090)

FIG. 14 shows the effect of yield strain on constraint
factor 1 vs. d/D curves. FIG. 14(@) and FIG. 14(b) refer to
transition and fully plastic region, respectively. While yield
strain strongly affects ¢ vs. d/D curve in transition region, it
hardly affects the curve in fully plastic region. For the range
of d/D20/15, ¢ can be given by extending Eq. (24) to
varying yield strain as:

d 27
w= g mf o+ sl e ) @D 2015 o0

_ il
= Goift 5 oi

O]
oy =dlin™; &, = (-0.227, 0317, 1.25)

= (3.06, -4.4, 4.19)

) =ale; a = (1.06, =30.3, 307)

A =als; o = (334, 1290, 61000)

Young’s modulus in indentation test is primarily deter-
mined by the slope of unloading load-depth curve or by the
amount of elastic recovery. Pharr et al. presumed that
unloading load-depth curve is nonlinear, and the initial
unloading slope of curve has a close relation with Young’s
modulus. Here a determining criterion is set up for initial
unloading slope.

FIG. 15(a) shows load-depth curves obtained by FEA for
a variety of material hardening exponent n with given
Young’s modulus and yield strain. FIG. 15(b) shows corre-
sponding unloading slopes, S. Here abscissa r=P/P,,, mea-
sures the portion of unloading curve used for linear regres-
sion. That is, the portion P, to P is used for linear
regression. The slope decreases with increasing regression
range 1, and it converges to a certain value for r<0.1. Thus
this converged value may be defined as a initial unloading
slope, and the slope should be measured for r=P/P,, . <0.1.

Table 1 compares the slopes obtained from the regression
range r=0.1 and r=0.5 for a variety of material properties.
With the slopes for r=0.1 as references, the slopes for r=0.5
show errors of about 3%. The slope error increases with
regression range r. Note again that the slope should be
measured with r<0.1, since the slope error amplifies the total
error of measured Young’s modulus in addition to the
inherent error of Young’s modulus equations described
below.

TABLE 1
S S Error
€ E n (r=0.1) (r=05) (%)
0.002 200 5 9.32 9.11 2.29
7 9.60 9.37 2.36
10 9.96 9.70 2.69
13 10.1 9.77 3.03
70 10 4.20 4.08 2.86
400 10 15.7 15.3 2.31

Pharr et al. presumed that unloading load-depth curve is
essentially nonlinear, and the initial unloading slope, S, of
load-depth curve has a close relation with Young’s modulus.
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They proposed following Young’s modulus equation.
_ 1-v%) (28)
CdiS-(-"D/E

Here d is the actual projected indentation diameter with
material pile-up/sink-in considered. Eq. (28) was originally
derived under the assumption of a rigid cylindrical indenter
penetrating the elastic plane specimen. That is, a plane
indenter with circular cross-section indents into an elastic
flat specimen. The concept of effective modulus was then
introduced to include the deformation of indenter. Effective
modulus, in a strict sense, never justifies the deformable
indenter. At the instant of unloading, due to preceding plastic
deformation, specimen is not flat but concave with a nega-
tive radius of curvature. Thus a correction coefficient is
introduced into Eq. (28) so that it has the modified form:

Ee (1-v% (29)
d kS —(L=v)/E

Here the correction coefficient k, takes the real situation;
a spherical deforming indenter, and a non-flat elastic-plastic
specimen. To study the implication of k;, Eq. (29) is recast
as:

(B0

d(1-v 1-+}
k= — +
N E E[

FIG. 16(a) shows the variation of k; with respect to n for
various values of E. It can be observed that k,, slightly
decreases with increasing n while k; is barely affected by E.
For general metals having n values of 5~co, it may be
concluded k,=0.83. FIG. 16()) reveals that k; converges to
1 when n approaches to 1. In other words, for an elastic
material, k, recovers Pharr’s suggested value, 1.

FIG. 17(a) shows FEA relationships between E and S/d
for various values of n, when indentation depth is given as
h/D=0.06. FIG. 17(a) suggests that E is an increasing
function of S/d, and the coefficients of the function can be
functions of n.

This observation leads us to:

B

FIG. 17(b) shows linear variation of b with 1/n, when a is
fixed as 6200. Incorporating this linear relation into (31)
gives:

(32)

S ERe

a=6200, b=(173+8710€,)+(93+21331¢€0)(1/n)

Table 2 shows calculated values of Young’s modulus from
Eq. (5), and corresponding errors. Most of errors are within
2% and maximum error is 5%. Eq. 5 does not contain
Young’s modulus and Poisson’s ratio of indenter. However
it is never problematic considering fixed Young’s modulus
and Poisson’s ratio of indenter in experiment.
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TABLE 2
€, =0.002 €, =0.004

E n S/d E Err (%) S/ E Err (%)
200 5 19.48 203 1.66 19.10 207 3.62
7 19.59 202 1.01 19.20 205 2.50

10 19.92 204 223 1930 204 1.84

13 19.78 201 0.64 19.58 206 3.16

] 20.09 201 0.74 20.00 207 3.61

70 10 8.40 67 -5.00 8.31 67 -4.07
100 10 11.43 97 -2.53 11.33 99 -0.78
150 10 15.95 151 0.57 15.59 152 1.03
250 10 23.16 253 1.21 22.68 257 2.69
300 10 2616 302 0.67 25.50 310 3.30
350 10 2898 351 0.31 28.34 357 1.97
400 10 31.46 397 -0.74 30.38 397 -0.82

Synthesizing the above-mentioned argument, a program
is prepared for evaluating material properties from indenta-
tion load-depth curve. The flow chart is shown in FIG. 18.
Based on load-depth relation obtained from indentation test,
material properties finally produced are Young’s modulus,
yield strength and strain hardening exponent.

In the approach of Haggag et al., each repetition of
loading and unloading provides one of stress-strain data
points. Thus a single indentation test usually picks up total
only 6—7 data point, which results in a rather coarse regres-
sion. Haggag’s theory requires prior material constants from
extra tensile tests.

In the new approach, however, material properties are
estimated using more than hundreds of data points obtained
from a single time loading followed by unloading. New
approach is also free from any extra test. It overall leads us
to predict material properties in more accurate and simpler
manners.

The load-depth curves are generated by using FE analyses
for indentation depth of 6% of indenter diameter. Then, the
load-depth curve is fed into the program to evaluate material
properties. First, the Young’s modulus E is computed from
Eq. (29) by using slope S and initially guessed values of n
and ;. Then, ¢, ¢, and o are calculated from Egs. (25-27)
as many as the number of load and depth data. From these,
the values of n, K, 0, and €, are calculated from stress-strain
relation. And then updated E, d, c?, €,, 0, 0, K, 0, and €, are
repeatedly calculated until the updated €, and n are con-
verged within the tolerance.

Table 3 compares the predicted with real material prop-
erties. The average errors are less than 2% for E and o, and
3% for n.

TABLE 3

o./E Computed Error Computed Error
(x107%) n o /E (x107%) (%) n (%)
400/200 5 429/198 7.3/1.0 5.44 8.8
7 414/195 3.4/2.6 7.47 6.7

10 404/202 1.1/0.8 10.4 4.0

13 400/200 0.1/0.1 13.1 0.8

200/200 10 192/213 4.3/6.6 9.40 6.0
400/400 387/422 3.2/55 9.63 3.7
400/100 402/100 0.5/0.3 10.2 2.0
800/200 798/202 0.3/0.8 9.92 0.8

FIGS. 19 and 20 compare predicted and real material
curves. Solid line is the material curve used for FEA, and
symbol is the predicted stress-strain curve. These compari-
sons for various values of n and €, as shown in the figures
more than validate our new approach.
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The new theory increases the strain range by a factor of
five. Enhancement of related functional equations (25)
through (27) and (32), which substantially affect the accu-
racy of prediction, is in progress.

A new set of indentation governing equations is proposed
based on the FE solutions. The load-depth curve from
indentation test successfully converts to a stress-strain
curve. The following remarks can be drawn from the above
investigations.

(1) A new data acquisition point at 0.4 d apart from
indentation center is selected. This new point features: i)
negligible effect of friction coefficient, ii) quite gentle strain
gradient and iii) extended strain range by a factor of five.

(2) The indentation variables c?, €,, and 1p were regressed
for various material properties from FE solutions of inden-
tation analyses. From these, it reveals that the dominant
parameters in indentation test are strain hardening exponent
n and yield strain €.

(3) The previous indentation theories assuming constant
¢® without regard to indentation depth cannot be applied
even for shallow indentation. The pile-up and sink-in param-
eter ¢ is generally a function of indentation depth as well as
strain hardening exponent n.

(4) A new program is developed to evaluate material
properties by using regression formulae of indentation vari-
ables ¢?, €, and . The load-depth curve is generated by FE
analyses for indentation depth of 6% of indenter diameter
once for all. The load-depth curves were converted to
stress-strain curves, which provided material properties. The
average errors of evaluated material properties were 2% for
E and o, and 3% for n.

(5) The previous theory based on experimental observa-
tion and deformation plasticity theory needs prior material
constants from extra tensile tests. Moreover, the previous
theory derives stress-strain relation with repetitive loading
and unloading. However, our new approach based on flow
theory can predict accurate material properties with a single
loading followed by unloading without prior material con-
stants.

Based on the theories as discussed above, a non-
destructive compression test utilizing the finite element
solutions enables us to perform by the automated indentation
system of the present invention

The automated indentation system is comprised of the
three parts: a stepmotor control system (1), measurement
instrumentation (2), and data acquisition system (3) as
shown in FIG. 21.

FIG. 22 illustrates a schematic drawing of automated
indentation system. Stepmotor (12) is suitable for applying
to a micom of the present invention due to the pulse digital
control, high static torque and smooth controlling of revo-
lution speed. Therefore, a stepmotor (AS66AC-H50) is used
in this system. The stepmotor controller enables to control
the acceleration/deceleration and regulate the velocity with
repeatability of 3~5%. A cylindrical linear actuator consists
of a ball screw (14) (BTK 1404C, THK) and backlash nut
(16) to suppress backlash. A flexible coupling (13)
(SOH32C) connects the ball screw (14) and stepmotor for
constraining the rotation and high repeatability.

The measurement instrumentation is comprised of a load
cell (15), laser displacement sensor (17) for measuring the
indentation depth, and ball indenter (18).

The load cells (15) with 200 kgf and 20 kgf of the
maximum load are used and interchangeable. The load cell
with 20 kgf is used for measuring material property of
rubber.

The laser displacement sensor (model Z4M-N30V,
OMRON) is used for measuring the indentation depth. The
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maximum movement (traveling distance) of laser displace-
ment sensor (17) is 4 mm and resolution is 0.5 gm. The laser
displacement sensor (17) is connected parallel to the linear
actuator. The connecting socket lessens the additional com-
pliance of system.

For a ball indenter (18) as shown in FIG. 23, an integrated
spherical indenter made of tungsten carbide (WC) is used for
precisely measuring the indented depth.

The Data Acquisition System (3) and Control Box (4) are
shown in FIG. 21. The signals from the load cell (15) and
laser displacement sensor (17) are amplified and filtered by
signal amplifier. The amplified signal is graphed and stored
in a file through PC program. The Data acquisition system
(3) and motor controller (1) consist of a notebook PC and a
control box (4) integrated for portability of indentation
system.

The stepmotor (12) can be controlled with PC program as
shown in FIG. 24. The moving speed and direction of the
stepmotor (12) are also able to be adjusted by the control box
(4). The control box (4) and program displayed on a window
in PC enable to control the stepmotor (12) and perform the
graphing and storing data of load-depth curve and material
properties.

Dimensions of indentation system are H489xW220x
D220 mm. The diameter of indenter tip is 1 mm. The
indentation depth is measured by the laser displacement
sensor which is non-contact optical instrument. For a given
indentation depth, the indentation load is determined by
indenter tip diameter and specimen material properties. If
the obtained indentation depth from the FEA is a net
displacement of indenter tip, the measured depth by the laser
displacement sensor includes the compressed displacement
between the indenter tip and the head part of the fixed laser
displacement sensor. FIG. 25 shows P-h curves from the
FEA and tests. The FEA adopted the material properties
obtained from tensile test of the same material. The inden-
tation load is controlled so that the maximum load of FEA
and experiment are identical. Experimentally measured dis-
placement contains additional displacement. Let h,,,, be the
experimental indentation depth, and hy.,, be the (actual)
depth measured from FEA. Then, the additional displace-
ment due to system compliance h,,, is h,,,~hzz,,. FIG. 25
shows experimentally measured P-h curves after correcting
h, ., Consequently, the result is as same as that of the FEA
solutions.

While the present invention has been described in detail
with its preferred embodiments, it will be understood that its
further modifications are possible. The present application is
therefore intended to cover any variations, uses or adapta-
tions of the invention following the general principles
thereof, and includes such departures from the present
disclosure as come within known or customary practice in
the art to which this invention pertains within the limits of
the appended claims.

What is claimed is:

1. An automated indentation system for performing a
compression test by loading a compressive indentation load
(P), thereby calculating an elastic modulus (E), yield
strength (0,) and a hardening exponent (n) from measured
indentation depth (h,), indentation load (P) and unloading
slope (S), comprises:

a step-motor control system (1) having a cylindrical linear
actuator with a ball screw (14) and backlash nut (16) for
suppressing backlash, a flexible coupling (13) being
connected to said ball screw (14) and a step-motor (12)
for constraining rotation and high repeatability,

a measurement instrumentation (2) having a load cell
(15), laser displacement sensor (17) for measuring the
indentation depth, and an integrated ball indenter (18),
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a data acquisition system (3) having an signal amplifier
for amplifying and filtering signals received from said
load cell (15) and laser displacement sensor (17), and

a control box (4) being pre-stored computer programming
algorisms for adjusting and controlling moving speed
and direction of said step-motor (12), performing cal-
culations and plotting graphs of load-depth curves,
strain-stress curves based on said amplified signal data,
and said control box (4) for storing and retrieving
measured signal data, material properties and produced
data.

2. An automated indentation system as claimed in claim
1, wherein said step-motor control system (1) enables to
control acceleration/deceleration of said step-motor (12) and
regulating velocity with repeatability of 3~5%.

3. An automated indentation system as claimed in claim
1, wherein said load cell (15) is specified based on the
performance of finite element simulation of indentation test,
said load cells (15) with 200 kgf and 20 kgf of the maximum
load are used and interchangeable.

4. An automated indentation system as claimed in claim
1, wherein said laser displacement sensor for measuring
indentation depth is connected parallel to a linear actuator,
and maximum traveling distance of said laser displacement
sensor (17) is 4 mm and resolution is 0.5 ym.

5. An automated indentation system as claimed in claim
1, wherein said ball indenter (18) is an integrated spherical
indenter being made of tungsten carbide (WC) for precisely
measuring an indented depth, and a diameter of indenter tip
is 1 mm.

6. An automated indentation system as claimed in claim
1, wherein a measured indentation depth (h,,,,) being con-
tained an additional displacement due to system compliance
(h,,,) is compensated by a displacement relationship
between said measured indentation depth (h,,,) and an
actual indentation depth (hy,,,) obtained from FEA.

7. An automated indentation system as claimed in claim
1, further comprises a computer programming algorism for
calculating the elastic modulus (E), yield strength (op) and
hardening exponent (n) of the material during a performance
of the non-destructive indentation test.
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8. An automated indentation system as claimed in claim
7, further comprises a means for inputting data of measured
indentation depth (h,), load (P) and unloading slope (S) of
the material from pre-stored data.

9. An automated indentation system as claimed in claim
7, further comprises a means for computing a contact
diameter of the material between a ball tip and material
surface.

10. An automated indentation system as claimed in claim
7, further comprises a means for computing a Young’s
modulus (E) from unload slope and initially guessed values
of n and ¢, of the material.

11. An automated indentation system as claimed in claim
7, further comprises a means for computing indentation
diameters (d) of the material from ¢ equation as many as the
number of load and depth data, wherein the C* equation is
defined as a ratio of actual indentation depth (h) to nominal
depth (h,) measured from the reference surface.

12. An automated indentation system as claimed in claim
7, further comprises a means for computing equivalent
plastic strains (e,,) and equivalent stresses (0) of the material
according to the calculated indentation diameters (d).

13. An automated indentation system as claimed in claim
7, further comprises a means for computing values of strain
hardening exponent (n) and K of the material from stress-
strain relation.

14. An automated indentation system as claimed in claim
7, further comprises a means for computing a yield stress
(0,) and strain (e) of the material.

15. An automated indentation system as claimed in claim
7, further comprises a means for computing updated E, d, ¢,
€,, 0,1, K, 0, and €, of the material until the updated €, and
n are converged within the tolerance.

16. An automated indentation system as claimed in claim
7, further comprises a means for outputting material prop-
erties (E, 0,, n) and plotting the stress-strain curve of the
material.



